This study reports a new depth illusion in which a static flat pattern appears stratified stereoscopically when viewed binocularly with an elevated gaze. Three psychophysical experiments measured perceived relative depth and fixational cyclodisparity (a rotation of one eye's view relative to the other eye's view about the line of sight) when flat patterns drawn with solid or dashed curved lines were fixated at various levels of gaze elevation. Experiments 1 and 2 showed that the patterns drawn with solid lines produced illusory depth only at large gaze elevations (downward and upward). Experiment 3 showed that the magnitude of the illusory depth was correlated with that of fixational cyclodisparity. These results suggest that the illusory depth originates in the binocular torsional misalignment generated by gaze elevation.
Introduction
Stereo matching refers to the visual system's ability to compare and analyze the retinal images of the two eyes (e.g., Howard & Rogers, 1995; Wheatstone, 1852) . To determine the direction of stereo matching for three-dimensional (3D) perception, the visual system is assumed to use epipolar lines-a set of the retinal projection of the planes defined by the interocular axis and points in 3D space (e.g., Frisby & Pollard, 1991) . When the eyes' retinal images are superimposed with respect to the horizontal meridian, the epipolar lines are approximately horizontal and parallel to each other (unless the eyes converge extremely). Therefore, the disparity measured along the epipolar lines is called horizontal disparity, which provides quantitative depth information for a given gaze direction when combined with viewing-distance information. To calculate horizontal disparity accurately, the epipolar lines should be parallel to the horizontal meridian with respect to the head, rather than to the retinal horizontal meridian. Note that the epipolar lines used or assumed by the visual system are not directly observable and therefore should be inferred from perceived 3D shapes. (Although the concept of ''epipolar lines'' is originally based on projective geometry, here I use this term to refer to the direction in which the human visual system calculates binocular disparity for depth perception.)
One aspect that needs to be considered in human stereo matching is binocular torsional misalignment, 1 defined as a rotation of one eye relative to the other eye about the line of sight in Helmholtz coordinates. 2 In the present paper, misalignment refers to a deviation from the torsional state of a straight-ahead gaze. An intuitive consequence of binocular torsional misalignment is retinal cyclodisparity, a torsional rotation of one eye's view relative to the other eye's view (cf. The cyclodisparity presented with a stereoscope is called cyclorotation in this paper). There are two theoretical possibilities for the accurate coding of headcentric horizontal disparity.
3 (Schreiber et al., 2001; van Ee & van Dam, 2003) . One possibility is that the visual system adjusts the orientation of epipolar lines depending on the torsional state of the eyes by using retinal or extraretinal information. The other possibility is that the oculomotor system maintains binocular torsional misalignment to be minimal in all situations, and then the visual system uses the epipolar lines whose orientation is parallel to the retinal horizontal meridian. Schreiber et al. (2001) examined this issue in situations where binocular torsional misalignment is introduced by the elevation of gaze (a vertical rotation of the eyes). They measured cyclorotation thresholds for perceiving a shape defined by the horizontal disparity of random dots at various levels of gaze elevation. Gaze elevation is known to introduce binocular torsional misalignment when the eyes converge (Minken & Van Gisbergen, 1994; Mok, Ro, Cadera, Crawford, & Vilis, 1992; Porrill, Ivins, & Frisby, 1999; Schreiber, Tweed, & Schor, 2006; Tweed, 1997) . Schreiber et al. found: (a) that cyclorotation thresholds for perceiving a disparity-defined 3D shape are correlated with the torsional misalignment at each gaze elevation and (b) that the range of cyclofusion (torsional stereo matching: Ogle & Ellerbrock, 1946 ) is approximately ±5°o f cyclodisparity from its center (Similar results were reported by , who used randomline stimuli). The first result suggests that the epipolar lines are fixed with respect to the retina; the second result, however, suggests that the visual system adjusts the orientation of epipolar lines within the range of cyclofusion (approximately ±5°) [or searches a limited range of two-dimensional (2D) retinal regions] when the stimuli are random dots.
The primary purpose of this study is to report a new depth illusion that provides insights into the issue of whether or not the visual system adjusts the orientation of epipolar lines relative to the retinal horizontal meridian. Instead of spatially distributed elements such as random dots, the patterns I devised here ( Fig. 1a and b) are flat patterns that comprise solid curved lines. (Each pattern comprises arcs that are aligned vertically and connected to each other by T-shaped junctions.) Geometrically speaking, the matching direction of solid lines presented with a binocular disparity is locally ambiguous (similar to the case of the aperture problem for motion: van Ee & Schor, 2000) . Therefore, measuring the perceived depth of solid lines where binocular torsional misalignment must be induced would be one way to examine whether the visual system adjusts the orientation of epipolar lines. If the orientation of epipolar lines is appropriately maintained with respect to the head, any flat pattern would appear flat as a consequence of cyclofusion. 4 The basic effect I report here, however, is that a flat pattern (Fig. 1a and b) appears stratified To perceive the illusory depth quickly, (1) place a printed copy of this figure on a desk; (2) fixate the center of each pattern (a) or (b) with a downward gaze as eccentric as possible at a short viewing distance (approximately 30 cm); (3) keep the line of sight almost perpendicular to the figure (just as it is illustrated in the middle panel in e). The curved lines will appear as a convex ''dome'' that contains the vertical dot array in (a), and the lower disk will appear in front of the upper one in (b). Viewing the patterns at a shorter distance (a larger convergence angle) will produce a stronger illusory effect; this is qualitatively consistent with Schreiber et al.'s (2001) stereoscopically when fixated with an eccentric elevated gaze. These percepts are phenomenologically consistent with those produced with a cyclorotated stereogram (Fig. 2a) of the flat patterns.
In three psychophysical experiments, I measured perceived relative depth and (retinal) fixational cyclodisparity for variations of the physically flat patterns as a function of gaze elevation. Instead of a conventional ''two-image'' stereogram (e.g., Fig. 2a) , each pattern was presented on a single flat screen almost perpendicular to the visual line without any headcentric disparity and was fixated binocularly (Fig. 1e) . In Experiments 1 and 2, by measuring perceived relative depth, I intend to provide psychophysical evidence that the gaze-dependent illusory depth is stereoscopic and stable. Given that the illusory depth is stable and (qualitatively) predictable from the epipolar lines' rotation with respect to the images, there are logically three possibilities: (a) the orientation of epipolar lines is precisely fixed with respect to the retina (i.e., not corrected) even when there is a binocular torsional misalignment, (b) the epipolar lines are inappropriately rotated although there is no binocular torsional misalignment, 5 or (c) an intermediate between (a) and (b). Because previous studies indicate that gaze elevation produces a binocular torsional misalignment even when spatial patterns are presented (Schreiber et al., 2001) , I used the working model that assumes (a)-the orientation of epipolar lines is precisely fixed with respect to the retina-to describe the results of Experiments 1 and 2. In Experiment 3, by measuring both relative depth and fixational cyclodisparity, I intend to show that the assumption is valid (i.e., that the illusory depth originates in the torsional misalignment generated by gaze elevation).
Experiment 1
Experiment 1 measured perceived relative depth for four physically flat patterns (Fig. 1a-d ) as a function of gaze angle (from straight ahead to downward, 0-60°). Observers were asked to adjust the shape of a matching stimulus until it matched the perceived (maximum) relative depth for each test stimulus. For the arc configuration (Fig. 1a) , observers were required to judge the separation in depth between the arcs and the vertical dot array; for the concentric configuration (Fig. 1b) , they were required to judge the separation in depth between the two disks.
If the orientation of epipolar lines is appropriately adjusted at all gaze elevations, little or no relative depth would be perceived for the stimuli drawn with solid lines (Fig. 1a and b) . On the other hand, if the orientation of epipolar lines is not appropriately adjusted at large gaze angles, perceived depth is expected to increase. In addition, to examine whether the illusory depth is specific to solid-line stimuli, I also measured perceived relative depth for the stimuli drawn with dashed lines (Fig. 1c  and d) . 
Methods

Observers
Six observers participated in Experiment 1. All observers were naïve as to the purpose of the experiment, except for the author. The experiment was approved by the ATR Ethics Committee. Written consent was obtained from all observers. A stereo test was performed after the experiment. All observers were confirmed to have normal stereo vision.
Apparatus and stimuli
All stimuli were presented on a 7-in. flat LCD monitor (Quixun QT701AV, 800 · 480 pixels) at a viewing distance of 34 cm. The small monitor was attached to a tripod with a steel arm so that the observer could view the monitor at various gaze elevations without changing the other viewing conditions (e.g., the viewing distance, the luminance of stimuli, and the angle of the monitor relative to the visual line). Gaze angle was manipulated by vertically rotating the arm about the interocular axis; the center of the monitor was placed in the midsagittal plane at all gaze elevations. An Apple PowerBook G4 was used to generate stimuli and collect data. The observer's head was stabilized by a chin-and-forehead rest. The experiment was conducted in a dimly lit room; background objects were covered with a black cloth to keep retinal stimulation constant across all gaze elevations.
Test stimuli were arc and concentric configurations drawn with solid lines (Fig. 1a and b) or dashed lines ( Fig. 1c and d) . The height of each test stimulus subtended 13°of visual angle. Each stimulus was tested at five gaze directions (0°, 20°, 40°, 50°, and 60°downward) with respect to the straight ahead.
6 Matching stimuli, representing a cross-section of the test stimuli, 7 were the enclosed half-ellipse in the arc configuration and two parallel lines in the concentric configuration (Fig. 3a) . In the arc configuration, the arc portion of the matching stimulus was adjustable (left panel in Fig. 3a ). In the concentric configuration, the distance between the two lines of the matching stimulus was adjustable (right panel in Fig. 3a) .
All test and matching stimuli were drawn with black solid lines (0.5 cd m À2 ) on a white background (64 cd m À2 ). The monitor's rectangular frame therefore had a visible contrast relative to the background, but its influence on visually induced cyclovergence, which can reduce retinal cyclodisparity, is likely to be negligible (Hooge & van den Berg, 2000) . The anti-alias method was used to present the stimuli at a high spatial resolution.
Procedure
Observers were required to adjust the shape of the matching stimulus until it appeared to match the perceived 3D structure of the test stimulus. The observers were instructed to regard the matching stimulus as representing the cross-section of the test stimulus with respect to the mid-sagittal plane (as if the test stimulus were viewed from the left side of the monitor). For each trial, observers were asked to fixate the center of the test stimulus; when the observer pressed the ''space'' key, the test stimulus disappeared and the matching stimulus appeared. Adjustment was made by pressing the ''4'' or ''5'' key on the extended keyboard. There was no time limit on observation or adjustment. The observers were able to judge the 2D (not 3D) shape of the matching stimuli correctly even at the eccentric gaze angles.
In each experimental block, each of the four stimuli was tested three times at a constant gaze angle in randomized order. Each observer completed 10 blocks (two repetitions of the five gaze angles) in randomized order.
Retina-fixed epipolar model
Perceived relative depth d (cm) as a function of horizontal disparity projected on the screen d (cm) 8 is calculated by
where D is the viewing distance (34 cm), I is the interocular distance (6.5 cm), and d 0 is a small depth seen with the stimuli with a straight-ahead gaze (corresponds to the intercept of the fitting lines in Fig. 3b) . Positive values of d represent crossed disparity. Eq. (1) assumes that the magnitude of the depth calculated from a horizontal disparity combined with a moderate convergence angle is essentially veridical (e.g., Adams & Mamassian, 2004; Frisby, Buckley, & Duke, 1996) . Given that the epipolar lines are parallel to the retinal horizontal meridian, torsional misalignment produces ''apparent'' headcentric horizontal disparity. Then, horizontal disparity d as a function of fixational cyclodisparity t (rad; positive direction ex-cyclodisparity) is approximated by
for the arc configuration 2s sinðt=2Þ for the concentric configuration
where b is the vertical/horizontal ratio of the ellipse for each component arc (0.4), r is the radius of the outer circle (3.85 cm), and s is the vertical separation between the centers of the two disks (3.1 cm). See Appendix A for the derivation. In the arc configuration, d represents the maximum horizontal disparity of the arcs relative to the dot array, while in the concentric configuration, d represents the disparity of the lower disk relative to the upper one. The t/2 is assumed to be each eye's torsion measured in Helmholtz coordinates. Given that the two eyes obey the extended Listing's law, fixational cyclodisparity t as a function of gaze elevation v (rad; positive direction downward) is calculated by Tweed (1997) 
where k = tan[2 À1 tan À1 (I/2D)], and t correction is the torsion correction based on the extended Listing's law. Note that Eq. (3) is not the approximation equation widely used (Porrill et al., 1999; Schreiber et al., 2001; Somani et al., 1998; Tweed, 1997) , because it may introduce a large error at large gaze elevations. For the sake of simplicity, zero elevation is assumed to be a straight-ahead gaze, and to produce no fixational cyclodisparity. t correction is calculated by
where g and v limit are the gain and the vertical operation limit of the extended Listing's law, respectively. In this model, the two eyes are assumed to obey the original Listing's law (e.g., Ferman, Collewijn, & Van den Berg, 1987; Howard & Rogers, 1995) outside the operation limit. The three free parameters (d 0 , g, and v limit ) were estimated by the least-squares method using statistical software R (R Development Core Team, 2006).
Results and discussion
Fig. 3b and c shows the mean perceived depth as a function of downward gaze angle, averaged over the six observers. A three-way repeated-measures analysis of variance (ANOVA) was performed on the perceived depth, with the factors of line type (solid, dashed), stimulus configuration (arc, concentric), and gaze angle (0°, 20°, 40°, 50°, 60°). The three-way interaction was significant, F(4, 20) = 4.30, p < .02. The two-way interaction between stimulus configuration and gaze angle and that between line type and gaze angle were significant [F(4, 20) = 9.02, p < .0005; F(4, 20) = 11.09, p < .0005, respectively]. The main effects of line type and gaze angle were also significant [F(1, 5) = 26.56, p < .005; F(4, 20) = 16.27, p < .0001, respectively]. The main results are (a) that perceived relative depth was small at gaze angles less than 40°but increased at gaze angles larger than 40°for the solid-line stimuli, and (b) that little or no depth was observed at any gaze angle for the dashed-line stimuli.
Binocular torsional misalignment increase as a function of gaze elevation if both eyes obey the original or extended Listing's law (e.g., Mok et al., 1992; Schreiber et al., 2001 ). According to this assumption, fixating a near target at large downward gaze angles introduces a considerable amount of fixational ex-cyclodisparity. When no reliable cues to cyclofusion are presented, such a cyclodisparity is directionally misinterpreted by stereo matching with the retina-fixed epipolar lines (van Ee & Schor, 2000) . As a consequence of retina-fixed stereo matching (Fig. 2b) , an illusory structure emerges with an eccentric elevated gaze. I refer to this scheme as the retina-fixed epipolar hypothesis.
Solid-line stimuli
To describe the results quantitatively, I used the threeparameter model that had the gain and the vertical operation limit of the extended Listing's law and a baseline depth. The operation-limit parameter was introduced to account for the steep rise in perceived depth at the large gaze angles. In short, both eyes are assumed to obey the extended Listing's law in a normal range of gaze elevations and obey the original Listing's law outside that range (see 8 To formulate the model without complicating its description, I defined horizontal disparity in terms of the distance on the screen rather than the size on the retina. Note that d can be removed from this section using d = 2Dtan(d 0 /2), where d 0 denotes horizontal disparity measured in visual angle (rad). Section 2.1.4 for details). This simple model was found to explain the magnitude of the perceived depth obtained with both the arc and the concentric configurations (fitting lines in Fig. 3b) . Note that the model does not have a free parameter adjusted to the different stimulus configurations. To test whether the operation-limit parameter is required to explain the results, I conducted nested F tests (e.g., Dosher, Han, & Lu, 2004) , which take into account the number of model parameters. Consequently, the residual error from the three-parameter model was found to be significantly smaller than that from the two-parameter model that had no operation limit of the extended Listing's law [for the pooled data, F(1, 7) = 53.31, p < .0005]. The same analysis for data from individual observers was also significant for all observers (ps < .05), and the parameters averaged over the observers were qualitatively consistent with the parameters for the pooled data. Best-fitting parameters averaged over the observers were 0.95 ± 0.13 (SD) for the gain and 44 ± 10°(SD) for the operation limit. The obtained values of the gain were qualitatively consistent with those obtained by other methods 9 (Porrill et al., 1999; Schor, Maxwell, & Graf, 2001; Somani et al., 1998) . The present results suggest that both eyes approximately obey the extended Listing's law within a normal range of gaze elevations (see also Experiment 3).
Dashed-line stimuli
Little or no depth was perceived even at a downward gaze angle of 60° (Fig. 3c) , where a large magnitude of illusory depth was observed with the solid-line stimuli. This is also consistent with the scheme I propose: because spatially distributed endpoints are assumed to be processed by mechanisms other than for solid lines (van Ee & Schor, 2000) and therefore to trigger cyclofusion, the illusory depth is expected to disappear when endpoints are added to the patterns (Fig. 2d) .
The essential assumptions of the retina-fixed epipolar hypothesis are (a) that the orientation of epipolar lines is parallel to the retinal horizontal meridian and (b) that both eyes obey the original Listing's law at large gaze elevations. An important consequence of the second assumption is that the direction of elevated gaze (downward or upward) reverses the sign of fixational cyclodisparity (ex-and incyclodisparities, respectively). The retina-fixed epipolar hypothesis therefore predicts that the perceived depth for an appropriate configuration should reverse in depth depending on whether the gaze is downward or upward (corresponding to reverse the sign of disparities in Fig. 2b ). To examine the prediction, I conducted Experiment 2.
Experiment 2
Experiment 2 examined whether the direction of eccentric gaze (downward or upward) influences perceived relative depth for variations of the arc configuration (Fig. 1a) . Perceived depth of the curved lines relative to the dot array was measured with the depth-matching procedure similar to that used in Experiment 1. I tested three test stimuli, in which the pattern shown in Fig. 1a was rotated by 0°, 90°, and 180°in the image plane (Fig. 4a-c, respectively) . Geometrically speaking, introducing an ex-cyclodisparity (with a stereoscope) for the 90°stimulus does not produce horizontal disparities between the curved lines and the dot array, whereas doing so for the 180°stim-ulus produces the reversed pattern of horizontal disparity compared to the 0°stimulus (i.e., the curved lines have uncrossed horizontal disparities).
The retina-fixed epipolar hypothesis predicts that eccentric downward and upward gazes should cause a considerable amount of ex-and in-cyclodisparity, respectively. For each of appropriate patterns (Fig. 4a and c) , the reversal in the sign of cyclodisparity produces the reversal of perceived 3D structure. Therefore, if the retina-fixed epipolar hypothesis is correct, the change of gaze direction is expected to reverse the perceived structure of the test patterns. 
Methods
The methods were identical to those used in Experiment 1, except for the following.
Observers
Six observers participated in Experiment 2. All observers were naïve as to the purpose of the experiment. Three of them participated in Experiment 1.
Apparatus, stimuli and procedure
Test stimuli were three rotated versions (0°, 90°, and 180°clockwise in the image plane) of the arc configuration drawn with solid lines (Fig. 4a-c, respectively) . Each test stimulus subtended 13 · 13°of visual angle. A matching stimulus, representing a cross-section of the test stimulus, was an outlined half-ellipse; the orientation of the matching stimulus was determined by that of the test stimulus (i.e., vertical for the 0°and 180°stimuli and horizontal for the 90°stimulus). The arc portion of the matching stimulus was adjustable (left panel in Fig. 3a) .
The observers were instructed to regard the matching stimulus as representing the cross-section of the test stimulus with respect to the plane that includes the dot array in the test stimulus and the cyclopean visual line (i.e., as if the test stimulus were viewed from the left side of the monitor for the 0°and 180°stimuli and viewed from above the monitor for the 90°stimulus).
In each experimental block, each of the three stimuli was tested three times at a constant gaze elevation in randomized order. Each observer completed four blocks, two repetitions of two eccentric gaze angles (upward and downward), in randomized order. The gaze angles were adjusted for each observer within the range of 55°and À35 ± 5°for the downward and upward gaze directions relative to the straight ahead, respectively. Fig. 4d shows the mean perceived depth as a function of stimulus orientation, averaged over the six observers. A two-way repeated-measures ANOVA was performed on the perceived depth, with the factors of stimulus orientation (0°, 90°, 180°) and gaze direction (downward, upward). The two-way interaction was significant, F(2, 10) = 9.85, p < .005. Neither the main effect of stimulus orientation nor that of gaze direction was significant. The main results are (a) the depth-order reversal depending on both gaze direction and stimulus orientation and (b) the absence of the illusion with the 90°stimulus. The first result is consistent with the retina-fixed epipolar hypothesis, because the change of gaze direction is expected to cause the reversal of the sign of fixational cyclodisparity. The second result is also consistent with this hypothesis, because retina-fixed epipolar matching is not expected to produce a stratified 3D shape with nearly vertical lines even when the stimulus has a fixational cyclodisparity.
Results and discussion
The retina-fixed epipolar hypothesis successfully describes the results of Experiments 1 and 2, with the assumptions (a) that there is a considerable amount of binocular torsional misalignment only at large gaze elevations (resulting in a fixational cyclodisparity) irrespective of visual stimuli and (b) that such misalignment is perceptually cancelled out by local cues to cyclofusion for the dashed-line stimuli but not for the solid-line stimuli (see also Section 2.2). To show that the two assumptions are valid, it is necessary to measure and assess ''mechanical'' binocular torsional misalignment when the patterns are viewed at various gaze elevations. Indeed, perceived-depth data cannot experimentally rule out the following three alternative accounts. First, one might think that both eyes obey the original (not extended) Listing's law across all gaze elevations, and the visual system somehow cyclofuses the solid-line stimuli correctly up to at a downward gaze angle of approximately 40°. Second, as an anonymous reviewer pointed out, one can argue that the illusory depth percept is due to the misalignment of epipolar lines in the absence of binocular torsional misalignment. Third, one could argue that, for the dashed-line stimuli, visually driven cyclovergence removes torsional misalignment: because there is no torsional misalignment, a flat surface is perceived with the dashed-line stimuli at all gaze elevations. Experiment 3 examined these alternative accounts by assessing binocular torsional misalignment when the stimuli were viewed at various gaze elevations.
Experiment 3
Experiment 3 measured both fixational cyclodisparity and perceived depth for the arc configuration drawn with solid or dashed lines (Fig. 1a and c, respectively) . Fixational cyclodisparity was measured by a torsional Nonius method (Banks, Hooge, & Backus, 2001; Somani et al., 1998) , and perceived depth was measured by a depth-probe method (Fig. 5a ). Fixational cyclodisparity measured with non-vertical Nonius lines is a quickly obtainable, relatively reliable index of binocular torsional misalignment (Banks et al., 2001; Somani et al., 1998; van Ee & van Dam, 2003) . If the retina-fixed epipolar hypothesis is correct, the magnitude of perceived depth is expected to be proportional to the measured fixational cyclodisparity for the solid-line stimulus and not to be proportional to that for the dashed-line stimulus.
Methods
The methods were identical to those used in Experiments 1 and 2, except for the following.
Observers
Four observers participated in Experiment 3. All observers were naïve as to the purpose of the experiment, except for the author. All participated in Experiment 1 or 2.
Apparatus and stimuli
An Apple iBook G4 was used to generate stimuli and collect data. An anaglyph method was used to present the Nonius lines and the depth probe, which were drawn in red or blue on a purple background. The luminance of the background was 22.4 cd/m 2 without red-blue spectacles. The test stimulus was the arc configuration drawn with the solid or the dashed lines (Fig. 1a or c, respectively) . Each test stimulus was drawn in black and had no stimulus-defined disparity.
In the torsion task two nearly horizontal lines 10 (length, 4.5°of visual angle) were presented at each side of the test stimulus (Fig. 5a) . The upper and lower lines were visible only to the right and the left eyes, respectively. The two lines presented at each side were separated vertically by 2.6°of visual angle when they were parallel on the screen.
The depth probe was the small dot presented at the center of the test stimuli. In the depth task the horizontal disparity of the probe dot was adjustable. The reason for using the central dot as a depth probe was that the horizontal disparity of an element presented around the fixation is little influenced by cyclodisparity.
Procedure
Observers binocularly viewed the flat monitor through red-blue spectacles. Each stimulus was fixated at five gaze directions (0°, 20°, 40°, 50°, and 60°downward). Because one observer was not able to view the test stimuli at a gaze angle of 60°, she viewed the stimuli at gaze angles of 35°, 45°, and 55°, instead of 40°, 50°, and 60°, respectively.
In each trial, the observer performed the torsion task and the depth task in succession. In the torsion task the observer was asked to adjust the upper and lower lines (Fig. 5a ) until they appeared to be parallel by rotating them relative to each other. Adjustment was made by pressing the ''4'' or ''5'' key on the extended keyboard. Pressing the ''4'' or ''5'' key triggered the rotation of the line presented to the left eye relative to that of the right eye in a counterclockwise or clockwise direction, respectively. The step size for the rotation was 0.5°on the screen. The observer was instructed to fixate around the center of the test stimulus; therefore, the Nonius lines were viewed at a retinal eccentricity of 9.4°left and right. The observer pressed the ''space'' key when satisfied with the torsion setting; then the Nonius lines disappeared. In the depth task the observer was asked to adjust the horizontal disparity of the probe dot until it appeared to have the same depth as that of the two arcs presented below and above the dot. The step size for the depth task was a horizontal disparity of 7.8 arc min (visual angle). Pressing the ''4'' or ''5'' key increased the uncrossed or crossed horizontal disparity, respectively. The observer pressed the ''space'' key when satisfied with the depth setting; then the next trial began.
In each experimental block, each of the two stimuli was tested three times at a constant gaze angle in randomized order. Each observer completed 10 blocks (two repetitions of the five gaze angles) in randomized order.
Model
The torsion settings were used to calculate fixational cyclodisparity; the depth settings were used to calculate the magnitude of illusory depth. Illusory depth measured in horizontal disparity d 0 (visual angle in rad) as a function of obtained fixational cyclodisparity t (rad) was fitted with the following equation,
where c is the gain for transforming cyclodisparity into horizontal disparity, and r 0 is the radius of the outer circle measured in visual angle, 0.11 (rad). See Appendix A for the derivation. A c value of 1.0 indicates that fixational cyclodisparity is completely and accurately transformed into ''apparent'' horizontal disparity. On the other hand, a c value of 0 indicates that fixational cyclodisparity does not produce horizontal disparity. For each line type, the one free parameter c was calculated with the least-squares method. Fig. 5b shows the four observers' depth settings as a function of torsion setting. For each observer, the data were fitted using Eq. (5) separately for the solid-line and dashed-line stimuli. The value of c averaged over the observers was 0.89 for the solid-line stimulus and 0.02 for the dashed-line stimulus. A paired t test revealed that the c value for the solid-line stimulus was significantly larger than that for the dashed-line stimulus [two-tailed, t(3) = 4.41, p < .025]. The c value for the solid-line stimulus was close to the ideal value (1.0), suggesting that the perceived relative depth for the solid-line stimuli is a reliable index of fixational cyclodisparity. On the other hand, the c value for the dashed-line stimuli was close to 0, suggesting that perceived depth for the dashed-line stimulus was independent of fixational cyclodisparity. These results support the retina-fixed epipolar hypothesis: the visual system does not adjust the orientation of epipolar lines with respect to the retinal horizontal meridian even when binocular torsional misalignment is introduced. In other words, when the solid-line stimuli appear flat, there is little or no binocular torsional misalignment. Fig. 5c and d shows the mean torsion and depth settings as a function of gaze elevation, respectively. The theoretical predictions based on two variations of Listing's law are also plotted in Fig. 5c [the original Listing's law (g = 0) and the extended Listing's law with the gain used by Schreiber et al. (2001) (g = 0.6, corresponding to l = 0.15 in their notation)]. As can be seen, neither is sufficient to account for the steep rise in fixational cyclodisparity at large gaze angles; rather, these results are qualitatively consistent with those of Experiment 1, 11 with the assumption that perceived depth for the solid-line stimulus is proportional to torsional misalignment as found in Fig. 5b . These results indicate that the illusory depth originates in the torsional misalignment of the eyes, not in that of epipolar lines in the absence of binocular torsional misalignment.
Results and discussion
One could argue that the perceived flat surface for the dashed-line stimulus was due to the reduction of torsional misalignment by visually driven cyclovergence. To examine whether the dashed-line stimulus reduced fixational cyclodisparity, I conducted two ANOVAs independently on the torsion settings and the depth settings. First, a twoway repeated-measures ANOVA was performed on the torsion settings, with the factors of line type and gaze angle. The main effect of gaze angle was significant, F(4, 12) = 6.94, p < .005. The two-way interaction between line type and gaze angle was not significant, F(4, 12) = 0.14, p > .9. Second, I performed a two-way repeated-measures ANOVA on the depth settings, with the factors of line type and gaze angle. Contrary to the case of torsion settings, the two-way interaction between line type and gaze angle was significant, F(4, 12) = 12.11, p < .0005. In addition, the main effect of gaze angle was significant, F(4, 12) = 11.14, p < .0005. These results suggest that the perceived flat surface for the dashed-line stimuli was not due to visually driven cyclovergence but to sensory cyclofusion. These results are consistent with the previous finding that a small stimulus subtending approximately 10°of visual angle does not induce cyclovergence (e.g., .
General discussion
This study reports a new gaze-dependent stereo illusion and provides evidence for the retina-fixed epipolar hypoth-11 Visually driven cyclovergence (produced by fixational cyclodisparity) is also unlikely to explain the steep rise because the magnitude of cyclodisparity has no clear effect on the gain of cyclovergence ) with a long exposure duration (approximately 20 s). esis, in which the visual system is assumed to use the epipolar lines precisely parallel to the retinal horizontal meridian for solid lines even when binocular torsional misalignment is introduced. Given that torsional alignment can be facilitated by presenting cyclorotated stimuli at particular gaze elevations (Schor et al., 2001 ), the present finding suggests that humans are not adept at using the eccentric eye positions where the illusory depth is perceived. Note that, to reveal the temporal interaction between the illusory depth and visually induced cyclovergence, it will be necessary to use other methods for measuring ocular torsion (e.g., video-based oculography).
The present results also demonstrate that cyclofusion, which can operate outside a normal range of gaze elevations, is triggered by spatially distributed endpoints, rather than by global mechanisms that calculate the magnitude of rotation by minimizing luminance differences between the two retinal images. Probably because of the sensory cyclofusional process, humans are normally unaware of binocular torsional misalignment at all gaze elevations. These results are consistent with psychophysical (Morgan & Castet, 1997) and physiological (Howe & Livingstone, 2006) evidence that the disparity of points and that of solid lines are coded by different mechanisms in the visual system.
Relation to the wallpaper illusion
The gaze-dependent illusory depth is unique because neither a stereoscopic device nor free fusion is required in order to obtain a vivid stereoscopic percept. The previously reported stereo phenomenon that meets this criterion is the ''subjective staircase'' phenomenon (Nakamizo, Ono, & Ujike, 1999) , where an illusory 3D staircase emerges when a 2D dot array is binocularly viewed on a slant about a horizontal axis. Such a slant, however, produces a horizontal shearing disparity between the retinal images. A slanted plane is unnecessary for the depth illusion, which therefore should be distinguished from the staircase phenomenon.
Relation to the stereokinetic effect
The gaze-dependent illusory depth reported here may be considered a ''stereo'' version of the stereokinetic effect, where physically flat patterns consisting of curved lines appear 3D (e.g., ''cone'') when rotated continuously on the image plane (e.g., Proffitt, Rock, Hecht, & Schubert, 1992; Wallach, Weisz, & Adams, 1956) . The stereokinetic effect is (a) considered to arise from miscoding of motion directions for local contours and is (b) reduced by addition of endpoints (Rokers, Yuille, & Liu, 2006; Wilson, Robinson, & Piggins, 1983) . These characteristics are analogous to those of the gaze-dependent illusory depth. Note that, however, the stereokinetic effect requires the assumption that the matching direction is determined by a minimumdisplacement constraint for local contours (Rokers et al., 2006) , whereas the depth illusion reported here requires the assumption that the matching direction is fixed with respect to the retina (i.e., parallel to the retinal horizontal meridian).
